INTRODUCTION

A research project was conducted to investigate the effect of a high salt concentration on corrosion from low partial pressures of hydrogen sulfide (H2S). The main objective was to study if the high concentration of chloride could initiate localized attack in this type of H2S system. Experiments were conducted in a nitrogen-purged system with a trace amount of H2S (50 ppm) in the gas phase. Only weight loss was used to measure corrosion rates. Scanning electron microscopy (SEM) and energy-dispersive x-ray (EDX) methods were used to characterize the corrosion products. Experimental results show that a high salt concentration signYlcantly slowed down the reaction rate in H2S corrosion. Some pitting attack was found both in salt:free and high salt conditions, but experimental results did not show evidence that chlorides can initiate localized corrosion in low pH2S systems.
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Tests in Deionized Water
H2S corrosion experiments were performed first in a salt-free condition. The purpose of this experiment was to determine whether localized corrosion could be
Specimen Preparation
The same type of carbon steel, ClO18 with the composition shown in Table 2 , was used in all the experiments. Specimens were polished with silicon carbide (SiC) sand paper prior to being tested. The 240-, 400-, and 600-grit sand paper was used sequentially. Mter polishing, specimens were immersed in an ultrasonic cleaner with isopropyl alcohol ([CH312CHOH)for 1 min to 2 min, and then air dried.
RESULTS AND DISCUSSION
ously. The pH was adjusted to 5.0 by addition of a deoxygenated 2-M hydrochloric acid (HCI)solution to provide the initial test conditions. Three sets ofCI018 (UNS GlOI80)(l) steel specimens were placed into the test solution. A single set is comprised of three 15-by 20-by 3-mm specimens. The specimens were used for weight-loss measurement. When the first set of specimens was removed after a certain period of time (typically one day), another fresh set of specimens was put back into the test solution, then the second set was pulled after a few days, etc. Corrosion product films were analyzed using scanning electron microscopy (SEM) and energy-dispersive x-ray analysis (EDXj. Corrosion products then were removed by treatment with Clarke's solution;4 subsequently, corrosion coupons were characterized using SEM. 
Experimental Setup
The experimental setup is shown in Figure 1 . The 50-ppm concentration of H2S in nitrogen (N 2 ) was made by the dilution of a 500-ppm H2S/N2 gas mixture with 99.9% purity nitrogen through a rotameter. The 50-ppm H2S concentration in the gas phase was confirmed by sampling the gas entering the test solution with a H2S colorimetric tube at atmospheric pressure. Experiments were performed in a glass cell filled with 2 L of deionized (DI)water at the desired salt concentration (0 or 10 wt%). The temperature was controlled by a hot plate with a thermocouple in the solution. Initially, the test cell was deoxygenated by purging with nitrogen. Mter that, the diluted H 2 S gas was introduced and the system was purged continu- ----.
.
Surface Analysis After Different Exposure Times 1 Day -A SEM picture of the bare metal before exposure is shown in Figure 4 to enable comparisons with the surface morphology of corrosion specimens after the experiment. Figure 5 shows the SEM image and EDX spectrum of a specimen surface after a I-day exposure. A very thin layer was formed on the specimen surface, and the film appeared to be fragmented. EDX data show that sulfur and iron are the main components of the films, consistent with the formation of iron sulfide. initiated in the absence of chlorides, Le., when carbon steel specimens have been exposed only to a H2S environment for an extended period of time. Figure 2 shows the change in corrosion rate with time. The low corrosion rates observed suggest that an iron sulfide film formed immediately on the metal surface and gave protection. Figure 3 shows the pH and iron concentration change with time. The pH increased significantly from 5 to 7 after one day then remained stable at around 7. The ferrous ion concentration in the solution was measured at around I ppm. This suggests that most of the dissolved iron generated by the corrosion process was converted to an insoluble iron sulfide film.
The molar concentrations of the species under the test conditions with DI water, Table 3 , can be calculated using Henry's law constant 5 for the determination of H2S(aq) concentration, and a previously reported physicochemical model 6 defines the constants used to determine molar concentrations of H+,HS-, OH-, and S2-.The concentration of H 2 S[aq) is constant at different pH because of the continuous purging of the 50-ppm H2S/N2 mixed gas, but the dominant species in solution changes from [H+)at pH 5 to [HS-)at pH 7. In contrast, ferrous ion (Fe 2 +) concentrations are a product of the corrosion reaction on the steel samples and must be measured. Since the Fe 2 +concentration in solution is affected by the amount of iron sulfide that forms, this concentration can vary with time ( Figure 3 ). 4 The final surface morphology is shown in Figure 7 . EDX analysis confirmed that the iron sulfide film had been removed from the surface. 
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4 Days - Figure 6 presents the morphology of the iron sulfide film that was formed on the specimen surface after 4 days of exposure to H2S. Compared with the I-day result, the iron sulfide film at 4 days appears to be thicker. However, the film is still suffi-of the bloom is much higher than that of the uniform sulfide film; however, this could be an artifact related to the EDX technique. SEM image of the specimen surface after film removal is shown in Figure 9 . At several points, what appears to be pitting attack was observed on the metal surface. The diameter of these small pits varied from 6 !tm to 15 !tm. A 3D-software
CORROSION SCIENCE SECTION
No initiation of localized corrosion was observed under this condition.
6 Days -After 6 days' exposure to H2S, iron sulfide film became much thicker (Figure 8) . A new feature can be observed: iron sulfide "blooms," which formed on top of the more-or-Iess uniform iron sulfide film. EDX analysis shows that the sulfide content 
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of the iron sulfide "bloom" at 12 days was similar to the one at 6 days. Mter film removal at 12 days' exposure, pitting corrosion again was observed. The pitting density at 12 days was higher than that seen at 6 days ( Figure 12 ). More and more small pits were observed after the corrosion product was removed by Clarke's solution. The deepest pit depth observed was around 14 [Am (Figure 13 ), suggesting that the pit size change was not happening over time; in other words, no pit propagation was detected.
FIGURE 10. Three-dimensional view of corrosion specimen exposed to H2S for 6 days at 0 wt% NaCI, 25°C, without film.
FIGURE 11. Corrosion specimen exposed to H2S for 12 days at 0 wt% NaCI, 25°C, with film.
reconstruction of SEM images was used to analyze the pit depth. Figure 10 shows the 3D view of one such pit. The pit depth is approximately 40 !--lm so the corresponding time-averaged pitting rate is calculated to be -2.4 mm/y. Compared with the general corrosion rate of 0.017 mm/y, the localized corrosion rate is more than two orders of magnitude higher.
12 Days -The iron sulfide film kept growing with time. Iron sulfide "blooms" formed on the metal surface in greater quantity (Figure 11 ). The composition "" '", __ GU3B~m
paper was analyzed using EDX and the same elements were found (Figure 16 ). confirming that the metal inclusion in the steel may have been related to specimen preparation. It can be hypothesized that pitting was initiated as a result of the presence of inclusions in the steel surface since the pit density was observed to increase with time, yet the examination of a freshly prepared surface had very few indications of the suspect elements on the steel surface. Observations signify that once the steel around the inclusions was dissolved away sufficiently, the inclusions were removed and As stated above, some pitting (localized corrosion) was observed on the specimen surface even in the salt-free test conditions. Exposed specimens were reexamined using SEM and EDX to try to establish the reason of pitting initiation. Figure 14 shows one location of the specimen surface without the iron sulfide films at 6 days' exposure to a salt-free solution at 25°C , showing what appears to be a bead of a different material at the bottom of the pit. This occurred at several locations. EDX results confirmed the presence of aluminum and magnesium inside the pits. It is suspected that these may have been present as inclusions in the parent steel or were introduced by the surface-polishing process. The feasibility of the first assumption was confirmed by looking at steel composition and consulting a metallurgist. The second assumption needed further investigation. Figure 15 shows a freshly prepared bare metal surface polished by sand paper-aluminum and magnesium were also found at a few locations. Gold sputter-coated sand
tions on localized HzS corrosion of carbon steel. Similar pitting corrosion attack was also observed in high salt conditions as was seen at salt-free conditions described above. However, the higher salt concentration significantly decreased the uniform corrosion rate (Figure 17) as well as the pitting corrosion rate.
Surface Analysis After Different Exposure Times
1 Day - Figure 18 shows the SEM image of the specimen surface after 1 day exposure to HzS at 10 wt% NaCl, 25°C. There is barely any iron sulfide film formed on the metal surface in comparison to similar observations in salt-free conditions. The high salt concentration also greatly retarded the uniform corrosion rate as measured by weight loss. A significant quantity of NaCI is observed in the SEM, crystallized on the metal surface because of the rapid dehydration of the specimen by alcohol upon retrieval from the glass cell.
3 Days -In this case, the corrosion specimen was rinsed first with deoxygenated, DI water to remove NaCI after retrieval from the glass cell; therefore, no NaCI crystals were observed on the specimen .10 wt"lo NaCI .0 wt"lo NaCI pit propagation stopped. However, more experimental verification is needed to confirm this hypothesis with a future research goal to include the study of the links between material inclusions and pitting. 10 wt% NaCl-In the second series of experiments, the salt concentration was increased to 10 wt% to investigate the effect of high chloride concentra-
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.:. This series of tests was conducted to investigate the effect of a high salt concentration on corrosion from low partial pressures of H2S. Surface analysis and weight-loss measurements of mild steel samples were used to clarify this effect on general corrosion and localized corrosion scenarios. .:. According to the experimental results, it appears that a high salt concentration (10 wtOla) significantly retarded the overall general corrosion reaction rate of mild steel in the presence of a small amount of H2S (50 ppm in the gas phase at 1 bar). Figure 26 shows the comparison of localized and general corrosion rates with different salt concentrations at 25°C and 50 ppm H2S after 12 days. Results show that an increase in the salt concentration decreased both the
CONCLUSIONS
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to H 2 S for 26 days. Some major cracks of the iron sulfide films were observed. Large and deep pits were expected; however, no severe pitting corrosion was observed after the iron sulfide film was removed. surface. Thicker iron sulfide film was observed after the corrosion specimen was exposed to H2S for 3 days (Figure 19) . However, the FeS film was not uniform.
7 Days -Blooms in the iron sulfide film appeared on the specimen surface (Figure 20) , which are more concentrated when compared with the films observed at 7 days in salt-free conditions. However, the rest of the film is relatively thin. The general corrosion rate at high salt concentration condition is still very low. Some pitting attack was evident after the film was removed by Clarke's solution (Figure 21) . However, the pits were too small to quantify in depth.
15 Days -The morphology of iron sulfide films at 15 days was similar to the film morphology observed at 7 days (Figure 22) . The difference is that the iron sulfide film at 15 days was visibly thicker as suggested by the SEM image. Figure 23 shows the SEM image of the specimen surface without iron sulfide films at 15 days. Some pitting attack was observed, and a 3D analysis of the pit is shown in Figure 24 .
26 Days - Figure 25 shows the iron sulfide film morphology after the corrosion specimen was exposed 
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carbon steel in this series of experiments. Therefore, the initial hypothesis that chlorides would initiate and lead to severe localized corrosion (pitting) in a slightly sour environment was not confirmed by these experiments. However, the role of chloride ions on initiation of localized corrosion in sour systems simply cannot be excluded. The presence of chlorides is an indi-FIGURE 21. Corrosion specimen exposed to H2S for 7 days at 10 wt% NaCI, 25°C, without film. FIGURE 20. Corrosion specimen exposed to H2S for 7 days at 10 wt% NaCI, 25°C, with film.
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general corrosion rate and the localized corrosion rate under these conditions. .:. Pitting corrosion initiation was observed in both salt-free and high-salt concentration conditions; however, no propagation of the pits was observed. Steel inclusions and other imperfections were expected to have caused the initiation of localized attack to the 
